Mutations in the COL4A5 gene cause X-linked Alport syndrome (XLAS). Understanding the correlation between clinical manifestations and the underlying mutations adds prognostic value to genetic testing, which is increasingly available. Our aim was to determine the association between genotype and phenotype in 681 affected male participants with XLAS from 175 US families. Hearing loss and ocular changes were present in 67 and 30% of participants, respectively. Average age of participants at onset of ESRD was 37 years for those with missense mutations, 28 years for those with splice-site mutations, and 25 years for those with truncating mutations (P Ͻ 0.0001). We demonstrated a strong relationship between mutation position and age at onset of ESRD, with younger age at onset of ESRD associated with mutations at the 5Ј end of the gene (hazard ratio 0.766 [95% confidence interval 0.694 to 0.846] per 1000 bp toward the 3Ј end; P Ͻ 0.0001). Affected participants with splice mutations or truncating mutations each had two-fold greater odds of developing eye problems than those with missense mutations; development of hearing impairment showed a similar trend. Hearing loss and ocular changes associated with mutations located closer to the 5Ј end of the gene. These strong genotype-phenotype correlations could potentially help in the evaluation and counseling of US families with XLAS.
Alport syndrome (AS) is a relatively frequent monogenic inherited kidney disorder characterized by gradual renal failure progressing to ESRD, sensorineural hearing loss, and ocular abnormalities. [1] [2] [3] AS is caused by defects in type IV collagen, a major structural component of the basement membranes in the kidney, ear, and eye. Six genetically distinct type IV collagen ␣-chains have been identified. Defects in the COL4A5 gene, encoding collagen ␣-5 (IV) chain, located at Xq22, cause X-linked AS (XLAS), which accounts for 80% of AS. 4, 5 COL4A5 is a large gene comprising 51 exons. 6, 7 More than 440 mutations have been described to date in COL4A5. 8, 9 These mutations are spread throughout the gene without any identified mutational hot spot.
XLAS is clinically and genetically heterogeneous. Allelic heterogeneity is evidenced by the high number of mutations in the COL4A5 gene and the associated phenotypic variability. 10, 11 Clinically, the natural history of the nephropathy in XLAS is quite variable. Age at ESRD differs between families and in males ranges between the second and third decades; however, in milder cases, ESRD may be delayed until the fifth or sixth decade. Also, deafness occurs at variable ages. [12] [13] [14] [15] A wide variety of ocular changes, including anterior lenticonus, cataract, and maculopathy, have been reported among patients. 12, 16 Other extrarenal manifestations, such as diffuse esophageal leiomyomatosis, may be present in different families. 16 Macrothrombocytopenia, previously considered a manifestation of AS, is now known to be a feature of the myosin heavy chain 9, nonmuscle (MYH9) family of disorders. 17 Genetic testing has potential clinical value, because it is both noninvasive and accurate. 18, 19 More efficient screening methods are now available for mutation identification in patients with XLAS, and genetic testing also has the potential benefit of providing prognostic information 20, 21 ; however, the clinical and genetic heterogeneity associated with the disease have complicated study of the correlation between the phenotype and the underlying mutation, because this requires analysis of large numbers of families with XLAS. Although genotypephenotype correlation has been studied in a European cohort, 22, 23 it has never been assessed in a large US population.
The purpose of this investigation was to study one of the most relevant clinical benefits of molecular studies, namely the correlation between the phenotype and the underlying genetic mutation. This study was undertaken in the largest cohort of US patients to date. Collection of genetic and clinical information on 681 participants from 175 families allowed performance of an accurate correlation of genotype-phenotype in XLAS.
RESULTS
Mutation data were available for 681 male participants with XLAS from 175 families. Family size ranged from one to 53 participants. The patient characteristics are shown in Table 1 . Phenotypic details of families and mutations are presented in Supplemental Table S1 .
Renal Disease
Age at onset of ESRD differed significantly among patients with different mutation types. The median time (95% confidence intervals [CIs] ) from birth to ESRD and were as follows: Missense 37 years (34 to 40 years), splice site 28 years (26 to 32 years), truncating 25 years (21 to 31 years), large deletion 22 years (16 to 23 years), and small deletion 22 years (19 to 27 years; P Ͻ 0.0001; Figure 1 , Table 2 ). There was no difference in time to onset of ESRD among patients with splice donor (28 years [25 to 32 years]) and splice acceptor mutations (30 years [18 to 38 years]; P ϭ 0.87). Cox regression taking into account the possible correlation among members of the same family demonstrated a significant difference in survival time between mutation types with missense mutation as the reference: Truncating (hazard ratio [HR] 3.33; P Ͻ 0.0001), large deletion (HR 8.33; P Ͻ 0.0001), small deletion (HR 3.61; P Ͻ 0.0001), and splice site (HR 3.016; P Ͻ 0.0001). To verify that results were not biased on the basis of inclusion of multiple members from certain families, we performed a family analysis using a calculated average age at onset of ESRD or age without ESRD for each family. Mean age at onset of ESRD differed significantly among mutation categories: Missense 37.5 years (95% CI 33.5 to 44.0 years), splice site 29.0 years (95% CI 23.5 to 30.2 years), truncating 24.0 years (95% CI 20.0 to 28.5 years), large deletion 22.5 years (95% CI 16.0 to 24.0 years), and small deletion 26.0 (95% CI 18.5 to 54.0 years; P Ͻ 0.0001). Similarly, in Cox regression, the HRs were almost identical on the basis of indi- Figure 1 . Time to onset of ESRD associates with mutation type. From the left of figure, light weight solid line, large deletion; dots, splice site mutation; dash-dot, small deletion; heavy solid line, truncating mutation; dash, missense mutation; E, censored data. The number of patients with ESRD or age without ESRD is indicated in Table 1 .
CLINICAL RESEARCH www.jasn.org vidual or family analyses with missense mutation as the reference: Truncating (HR 3.85; P Ͻ 0.0001), large deletion (HR 6.71; P Ͻ 0.0001), small deletion (HR 2.25; P Ͻ 0.01), and splice site (HR 2.65; P Ͻ 0.002).
Cox regression with a robust estimator demonstrated a strong relationship between mutation position and age of onset of ESRD (HR 0.766 [95% CI 0.694 to 0.846] per 1000-bp increment toward the 3Ј end of the gene; P Ͻ 0.0001) with younger onset of ESRD associated with mutation position at the 5Ј end of the gene. Figure 2 shows a scatter plot of age at ESRD with mutation position for all patients who reached ESRD regardless of mutation type. Mutations located toward the 5Ј end of the gene were associated with earlier age at ESRD onset.
Ocular Changes
The distribution of ocular changes differed significantly according to mutation type, with fewer ocular changes among patients with missense and small deletion mutations than among those with large deletions or splice site or truncating mutations ( Table 2 ). Participants with deletions or splice or truncating mutations had two-to four-fold greater odds of developing ocular changes than those with missense mutations (Table 3) . General estimating equation (GEE), accounting for repeated measures among families, also showed a significant increase in the odds of developing ocular changes among those with splice and truncating compared with missense mutations (Table 4 ). There was no difference in the incidence of ocular changes between patients with splice donor (52.2%) and splice acceptor (45.5%) mutations (P ϭ 0.65). Logistic regression demonstrated a strong relationship between mutation position and development of ocular changes (odds ratio [OR] 0.841 [95% CI 0.738 to 0.958] per 1000-bp increment toward the 3Ј end of the gene; P ϭ 0.01), with ocular disorders associated with mutation position at the 5Ј end of the gene. Those with ocular changes had earlier age at ESRD onset (median 24 years; 95% CI 22 to 27 years) than those without (median 33 years; 95% CI 32 to 42 years; P Ͻ 0.0001).
Hearing Loss
There was a significant difference in the distribution of selfreported hearing loss, with fewer hearing problems among participants with missense mutations than among those with small deletions, large deletions, or splice site or truncating mutations (Table 2) . In logistic regression, not adjusting for repeated measures among families, those with large or small deletions or splice site or truncating mutations had 4-to 20-fold greater odds of developing hearing loss than those with missense mutations (Table 3) . GEE accounting for repeated measures among families also showed a significant decrease in odds of hearing loss among those with missense mutations compared with patients with small or large deletions or splice site and truncating mutations (Table 4) . In logistic regression, fewer people with missense mutations had hearing loss positive by audiometry compared with those with other mutation categories (Table 2 ). There was no difference in the incidence of hearing loss between patients with splice donor (81.5%) and splice acceptor (91.3%) mutations (P ϭ 0.32). We also analyzed traits by family, designating presence or absence of hear- ing loss as a single count per family. There was a significant difference in the distribution of hearing loss between families according to mutation type (Table 5 ). Logistic regression demonstrated a strong relationship between mutation position and development of hearing loss (OR 0.826 [95% CI 0.726 to 0.937] per 1000-bp increment; P ϭ 0.003), with hearing loss associated with mutation position at the 5Ј end of the gene.
Mutation Position on the Basis of Domain Structure of Collagen ␣-5(IV) Chain Protein
To dissect further the correlation between mutation position and phenotypical features of XLAS, we analyzed the mutation position on the basis of the affected structural domains of collagen ␣-5(IV) chain. Age at ESRD occurred earlier in patients with mutation affecting the signal peptide region (median 22 years; 95% CI 14 to 23 years), compared with the noncollagenous (NC1; median 36 years; 95% CI 33 to 40 years) or collagenous domain (median 29 years; 95% CI 27 to 32 years; P Ͻ 0.0001). There were insufficient observations within the NC2 region to permit comparative analysis of this domain ( Figure  3 ). This raised the question of whether the mutation position on the gene regardless of affected structural domain had the greatest impact on phenotypic severity. To answer this question, we divided the collagenous domain into two parts: Mutation positions affecting base pairs 326 to 2448 and mutation positions affecting base pairs 2449 to 4570. When severity was related to disruption of the collagenous domain as opposed to a more 5Ј position of mutation on the gene, no difference be- 
Glycine-X-Y Mutations
A total of 104 individuals had glycine-X-Y (Gly-X-Y) mutations affecting the collagenous domain. Among patients who had reached ESRD, age at ESRD was slightly earlier (median 33 years; 95% CI 29 to 41 years) for the 58 patients with Gly-X-Y mutations as compared with the 167 patients with missense mutations occurring in the same domain (median 38 years; 95% CI 34 to 44 years; P ϭ 0.033). There was no relationship between mutation position and age at ESRD in those with Gly-X-Y mutations (HR 0.870 [95% CI 0.653 to 1.160] per 1000-bp increment toward the 3Ј end of the gene; P ϭ 0.343). There was no significant difference in the frequency of any other phenotype between Gly-X-Y mutations and non-Gly-X-Y mutations.
DISCUSSION
In this study, the natural history of XLAS and genotype-phenotype correlation were examined in the largest number of US patients to date. Microscopic hematuria was present in 91% of the participants, with 49% presenting with gross hematuria. Microscopic hematuria has been reported to be a presenting symptom in 80 to 100% of patients with AS in Europe and China. 22, 24, 25 Signs of kidney impairment, including proteinuria, develop with disease progression. Proteinuria occurred in 85% of our cohort. Previously, the incidence has been reported to be as high as 95%. 20 Over time, hypertension and ESRD occur; hypertension was diagnosed in 54% and ESRD in 60% of this group of participants. A mean age of ESRD between 16 and 35 years has been reported in XLAS and in this study was 37 years.
Sensorineural hearing loss is common in XLAS 26 and has been detected in 80 to 85% of affected males 22, 27 ; our results demonstrated hearing loss in 67% of participants. The exclusion of other causes of hearing loss in this study may partially explain the lower incidence of hearing impairment. A limitation of this study is the lack of access to the audiometric reports for all participants. Thus, participant-reported hearing impairment may not be as sensitive as other reports in which hearing loss was based on audiometric testing.
Ocular changes, a characteristic clinical finding in XLAS, were found in 30% of participants examined. This included a 12% incidence of cataracts and 18% incidence combination of lens malformation or maculopathy. The frequency of specific ocular changes was previously reported in a limited number of studies. One study reported a 35% incidence of ocular changes, 22 which parallels our results. Other studies reported incidence ranging from 30 to 72%. 4, 28, 29 It is clear that the rate of ocular changes is high enough in XLAS that ophthalmologic examination should be considered for patients who present with hematuria.
The focus of this study was the evaluation of genotypephenotype correlations in a large US population of male patients with XLAS. Missense was the most prevalent type of mutation detected in this study (51% of the families) followed by truncating (14%) and splice site (13.7%) mutations.
The association between severity of both renal and extrarenal manifestations of XLAS and the underlying mutation was reported previously. 22,23,30 -34 In a review of males in 195 European families, missense, splice site, and large deletion; nonsense; and frameshift mutations were correlated with less severe, moderately severe, and more severe phenotype presentations, respectively.
Our detailed study of genotype-phenotype correlation in XLAS has several unique characteristics. First, it is the only study in a large US population. Second, it is the only study to examine mutation position along the COL4A5 gene and among the different domains of the gene and associates results with the phenotype of XLAS. One other study examined mutation position; however, it was restricted to glycine mutations only. 23 Third, it is the only study that has accounted for potential bias as a result of relatedness among the participants. Because some of the 175 families included multiple members, we statistically corrected for relatedness in our analyses to overcome this potential source of bias.
A correlation between the underlying mutation and phenotype was clearly shown in this study in several ways. Mutation type was associated with age at onset of ESRD. Missense mutations are associated with the best prognosis with an average age at onset of ESRD of 37 years ( Figure 1) . Mean age at onset of ESRD was 28 years for participants with splice site mutation, 25 years for those with truncating mutations, and 22 years for those with small deletions. Similar family-based analysis yielded an almost identical result, confirming that our statistical analysis of individuals appropriately corrected for potential bias as a result of inclusion of multiple members of some large families. This outcome supports the results of previous studies 22, 23 in a larger cohort of affected male participants. The number of participants with large deletions was too limited for the statistical significance to have any clinical relevance in this study. An influence of antihypertensive medication use on the rate of renal disease progression cannot be discounted in this study; however, the incidence of hypertension did not differ significantly between patients in the various mutation groups (Table 2) .
Noteworthy is the correlation between mutation position and the age at ESRD. Mutations positioned at the 5Ј end of the gene, regardless of type, were associated with younger age at onset of ESRD (Figure 2 ). The only previous study that analyzed the effect of mutation position on disease severity compared 98 glycine missense mutations located in exons 1 through 20 and 21 through 47 of COL4A5, respectively (n ϭ 56 for ESRD), and found that exons 1 through 20 influenced ESRD in a less severe manner. 23 In contrast, in this study, no relationship between position of Gly-X-Y mutation and the age of onset of ESRD (n ϭ 58) was found. Study of larger cohorts may be necessary to detect a relationship between Gly-X-Y mutation position and age at onset of ESRD. It seems that deletions and truncating and splice site mutations, which change the structure of the protein, have the greatest effect on ESRD. One theory is that mutations resulting in protein truncation cause a more deleterious effect when they occur at the 5Ј end of the gene as loss of the whole gene product ensues. In contrast, mutations located toward the 3Ј end of the gene may result in production of a residual truncated protein product. Similar observation for missense mutations may indicate that protein stabilization requires the structural integrity of the NC2 and adjacent portion of the collagenous domain despite potential initiation of triple-helix formation at the NC1 domain. 23 Results for hearing loss and ocular changes are similar to those for ESRD. Specifically, missense mutations were associated with a lower incidence of hearing impairment and ocular changes (Table 3) . After accounting for the relatedness among the population, the difference remained significant ( Table 4 ). The occurrence of both hearing loss and ocular changes was associated with mutations located at the 5Ј end of the gene. Although the association of hearing loss and ocular changes with genotype has been previously reported, 22, 23, 34 the association with mutation position is a novel finding in our study.
The prevalence of ocular changes was 30% in this group of participants with XLAS. Time to onset of ESRD differed between those with any ocular change (24 years) and those without (33 years). Thus, ophthalmology referral is an important part of evaluation of patients with XLAS, not only as a valuable diagnostic tool but possibly as a predictive factor for the general prognosis of kidney function.
In summary, in the largest US population reported to date, a genotype-phenotype correlation for both renal and extrarenal manifestations of the XLAS was observed. Our results indicate that deduced premature termination of the collagen ␣-5(IV) chain associated with large and small deletions and truncating or splice mutations causes the most severe clinical phenotype. In contrast, missense mutations result in a less severe phenotype. Notably, mutations at the 5Ј end of the gene have the greatest effect and the worst prognosis. The rate of progression of both renal and extrarenal manifestations of XLAS was associated with the type and location of the underlying mutation. Genetic analysis thus seems to be a better prognostic indicator than either renal or skin biopsy.
CONCISE METHODS

Participants and Clinical Criteria
This study includes analyses of clinical and genetic information from 681 male participants with XLAS from 175 families with mutations in COL4A5, who entered the University of Utah Alport Syndrome study. Clinical diagnosis was based on either (1) family history of renal insufficiency or failure, coincident with hematuria, or hearing loss or anterior lenticonus or (2) one or more instances of kidney biopsies with histology morphologically consistent with AS. All participants gave informed consent, and the study was conducted according to a protocol approved by the University of Utah institutional review board.
Mutation Analysis
Mutations in COL4A5 were identified and confirmed by mapping of Eco R1, Taq1, and Pst 1 restriction sites, 32 reverse transcriptase PCR and denaturing gradient gel electrophoresis, 14 RNAse protection assays, 14 allele-specific oligonucleotide probe tests, 14 PCR and direct DNA sequencing, 18 and multiplex genomic PCR-SSCP 35 in different families.
Mutation Categories
Mutations were classified into (1) missense; (2) splice site (occurring at the donor or acceptor site); (3) truncating (when the substitution, deletion/insertion, or any other changes cause premature termination of translation of the collagen ␣-5 (IV) chain); (4) large deletion (when there is deletion Ͼ20 bases including whole exon deletions); or (5) small deletion (deletion of Յ20 bases).
All mutations were numbered on the basis of reference sequence Ensembl transcript ENST00000361603, Gene sequence NCBI Bld. 36, Chromosome X 107569210-107828031. Mutations are reported at the cDNA and protein levels (ENSP00000354505). Ensembl web site (http://www.ensembl.org) was used to locate the position of the mutations and based on that, a variable called mutation position was defined, which is then statistically associated with the clinical findings along with the mutation classes in two ways. First the mutations were classified on the basis of their bp location within COL4A5. Second, mutations were classified on the basis of the functional structural domain of the collagen ␣-5(IV) chain protein. 6, 7 These domains included signal peptide (c-DNA bp number 203 to 280), NC2 (c-DNA bp number 281 to 322), collagenous (c-DNA bp number 323 to 4570), and NC1 (c-DNA bp number 4583 to 5257). Gly-X-Y mutations located within the collagenous domain were also analyzed with regard to the mutation number on the basis of the mutation c-DNA number.
Phenotype Information
Questionnaires were designed to obtain participants' clinical history. Participants were contacted between 2005 and 2007, and demographic information and clinical data were collected through telephone interviews. The clinical data included information regarding ESRD, age at diagnosis of ESRD, diagnosis of hypertension, presence of proteinuria, occurrence of gross hematuria at any time, microscopic hematuria diagnosed by a physician, transplant history, ocular changes, and hearing problems. Ocular changes were classified as lens malformation, cataract, or maculopathy. Occurrence of hearing loss was per patient-described history, and data from participants with other possible causes of hearing impairment (e.g., significant noise exposure, ear infection or ruptured ear drum, trauma, surgery, medication) were excluded from the analysis.
Statistical Analysis
Descriptive statistics including frequency counts and means were used to describe the sample of participants with XLAS. 2 test of independence or Fisher exact test was used to test the association of mutation position with categorical phenotypes. The Kaplan-Meier method and the log-rank statistic for time to ESRD onset were used to compare survival curves among mutation domains. Cox proportional hazards model was use, and potential correlation within members of the same family was accounted for and significance was tested using a robust variance estimator. Logistic regression and GEEs adjusting for the correlation within members of the same family were used to estimate the odds of developing clinical traits for each mutation type. Results were considered significant at P Ͻ 0.05.
DISCLOSURES
None.
